Abstract-The state-of-the-art in information and robotic systems deals with analyzing of natural systems at nanoscale to apply them for constructing potential bio-nanosystems. This paper employs agent technology and introduces a software agent model of muscle myosin nanomotor which illustrates a set of information processes which are running during the mechanism of the nanomotor. Muscle myosin, as a desired dynamic component of potential bio-nanorobotic systems, is the driven motor of muscle contractions. In this work, firstly, muscle myosin nanomotor was introduced as a physical intelligent agent. Then, we have designed the internal decisionmaking process of the nanomotor using subsumption architecture of agent technology. The agent-based architectural model of the nanomotor was proposed with mapping the subsumption rules of the nanomotor to its respective Deterministic Finite Automaton (DFA). The proposed agent-based architectural DFA model of muscle myosin nanomotor demonstrated that the nanomotor could receive inputs from its environment, analyze data, and generate outputs. Also, the proposed agent-based architectural DFA model of muscle myosin nanomotor was in good agreement with the behavior of the nanomotor inside the muscle cells. Finally, the proposed agent-based architectural DFA model was implemented as a software agent model of the nanomotor. The developed software agent model of muscle myosin nanomotor traced the real behavior of the nanomotor in nature.
INTRODUCTION
One of the desired goals of information and robotic systems is to understand the basis of bottom-up approaches for constructing potential systems with natural components at nanoscale [1] [2] [3] [4] [5] [6] [7] . One general group of these natural components is muscle myosin nanomotors which can be found in the muscles of organisms. Recent advances in understanding of the structural and mechanical properties of myosin nanomotors have raised the possibility that the nanomotors can be ideal components for potential bionanorobotic systems [2, 6] . Muscle myosin nanomotors move in a linear fashion in the cells of organisms and are responsible for muscle contractions [2, 8] . In order to achieve in application of muscle myosin nanomotor for potential information and robotic systems, we should begin to understand the information processes which are running during the mechanism of the nanomotor. Computational modeling can be a useful technique to facilitate the understanding of the information processes of the mechanism of the nanomotor. Recently, computational studies on muscle myosin nanomotor have investigated the details of the structural and behavioral aspects of the nanomotor [9, 10] . However, a computational model of muscle myosin nanomotor that can demonstrate the information processes which are autonomously run by the nanomotor has not been considered yet. Therefore, in this paper, we have used agent technology to design and develop a software agent model of muscle myosin nanomotor within its environment. The developed software agent model of muscle myosin nanomotor introduces the nanomotor as an information system which is able to receive inputs from its environment through its sensors, analyze data, and generate outputs upon the environment through its effectors. Agent technology is a computing field that defines each system component as an intelligent agent [11] . Agent is an autonomous entity which senses the environment through sensors, makes decision, and acts upon an environment through effecters [12] . In this proposed new computational study, at first, we have represented an overview of the structure and behavior of muscle myosin nanomotor, without their biologically details. Then, we have introduced muscle myosin nanomotor as a physical intelligent agent. Based on the introduced agent approach of muscle myosin nanomotor, the internal decision making architecture of the nanomotor was designed. Finally, we have implemented the agent-based architecture of muscle myosin nanomotor in a programming environment as a software agent model of the nanomotor. In general, in this paper we have employed agent technology to propose a new methodology of development a software agent model of muscle myosin nanomotor. Computational agent-based studies of biologically nanocomponents can facilitate the basis of constructing potential bio-inspired information and robotic systems at nanoscale which can have many potential applications in vast variety of sciences.
II. AN OVERVIEW OF MUSCLE MYOSIN NANOMOTOR
Muscle myosin nanomotors move along actin filaments in a linear fashion and are responsible for muscle contractions in muscles of organisms [2, 8] . Actin filaments (thin filaments) are self-assembling and polarized tracks which are composed of actin monomers, troponins, and tropomyosins [13] . Muscle myosin nanomotor is powered by converting chemical energy into mechanical work through the hydrolysis of adenosine-5΄-triphosphate (ATP), into adenosine-5΄-diphosphate (ADP) and inorganic phosphate (P i ) [8] . According to the results of electron microscopy studies of skeletal muscle myosin nanomotor, the nanomotor is a two-headed protein dimer linked together via a neck at the long stalk [8] (Fig. 1 ). There are two hinge points in the structure of muscle myosin nanomotor which have important roles in its function. Trypsin is one of the hinge sites which is located on the long stalk of muscle myosin nanomotor and cleaves the nanomotor into two heavy meromyosin (HMM) and light meromyosin (LMM) portions. Also, papain is another hinge site on the structure of muscle myosin nanomotor which cleaves the HMM into two subfragments 1 (S1s) and a subfragment 2 (S2) [14] (Fig. 1) . These two hinge points have key roles in muscle contraction process.
In the muscle contraction process two kinds of filaments, thin and thick filaments, interfere which lie parallel to each other. In order to form thick filaments, the LMM domains of many muscle myosin nanomotors wind together, while at the trypsin hinge point the HMM domains of the nanomotors emerge from the main axis of thick filament and bring the myosin heads close to actin filaments. Therefore, thick filaments have bare regions in their centers with the myosin heads protruding at both ends which leads to their bipolar structures parallel to actin filaments [6] . Muscle contraction occurs when thin and thick filaments slide past each other. We have shown a general mechanism of muscle myosin nanomotor in muscle contraction process in Fig. 2 . As it can be seen from Fig. 2 , the motion of muscle myosin nanomotor begins when the head of the nanomotor is in the ADP form and bound to actin filament. The exchange of ADP for ATP results in the detaching of myosin head from actin filament. Then, ATP-hydrolysis occurs and allows the myosin head to rebind weakly at a site displaced along the actin filament. After hydrolyzing of ATP, P i releases and leads to a conformational change (power stroke) that strengthens the binding of myosin head to actin filament and allows the lever arm to move back to its initial position, at papain hinge point. Therefore, the movement of muscle myosin nanomotor is accomplished and the cycle repeats again. This process is performed multiple times until the desired muscle contraction is obtained [6] . In general, to achieve muscle contraction, thick filaments bind to thin filaments through the heads of myosin nanomotors in an ATP-dependent fashion. Then, myosin heads take turns pulling on actin filaments so that the muscle can keep shortening in a hand-over-hand fashion. The functionality of skeletal muscle myosin nanomotor was reported in vitro and resulted as follows: (1) the nanomotor was able to move actin filaments at a velocity of about 3-4 µm per second in the presence of ATP [15] , and (2) the steps size was reported fairly uniform with an average size of 11 nm under conditions of low load [16] . Also, muscle contraction process is regulated by Ca 2+ ions [17] . In the absence of Ca 2+ , the troponin is bound to myosin binding sites on actin filament and inhibits the binding of the myosin head to the actin filament. In fact, at low Ca 2 + levels, actinmyosin interaction is inhibited and muscle is at rest. With increasing the Ca 2+ concentration, the troponin is pulled away from the actin filament and the myosin head can bind to actin filament and drive the muscle contraction.
The represented overview of muscle myosin nanomotor indicates that the nanomotor has several intelligent properties, such as (1) direct converting of chemical energy into mechanical work rather than via an intermediate energy, (2) internal decision-making process to activate/inactivate muscle contractions, and (3) cooperating behavior during its function [18] . All of these autonomous and intelligent behaviors of muscle myosin nanomotor advance it as a desired component for potential information and robotic systems. 
III. MUSCLE MYOSIN NANOMOTOR AS A PHYSICAL AGENT
Agent technology is an emerging computational technology for representing the real-world systems. Agent technology is able to define each component of a system as an intelligent agent (hereafter agent). Agent is an autonomous entity which senses the environment through sensors, makes decision internally, and acts upon an environment through effecters in order to direct its activity towards achieving its delegated goals [19] . Four kinds of certain capabilities have been reported for an agent as follows: (1) autonomy: the ability to make decision about how to act so as to accomplish the delegated goals, (2) reactivity: the ability to perceive the environment and respond in a timely fashion to changes of it in order to satisfy the goals, (3) pro-activity: the ability to exhibit goal-directed behavior towards the goals, and (4) sociality: the ability to interact with other agents in order to accomplish the goals [12] .
According to the presented overview to muscle myosin nanomotor in previous section as well as the above mentioned four general characteristics of an agent, we have introduced muscle myosin nanomotor as a physical agent which has not been considered yet. Therefore, the four general characteristics of muscle myosin nanomotor as an agent can be defined as follows: (1) autonomy: muscle myosin nanomotor is able to start muscle contraction autonomously with receiving of ATP in the presence of Ca 2+ and autonomously activate/inactivate muscles, (2) reactivity: muscle myosin nanomotor perceives the environment through sensing actin filament and ATP in order to accomplish muscle contraction, (3) pro-activity: muscle myosin nanomotor activates/inactivates muscles in order to satisfy muscle contraction, and (4) sociality: the LMM domains of many myosin nanomotors bind together and form chick filaments to interact with actin filaments and accomplish muscle contraction process. Thus, it can be concluded that muscle myosin nanomotor can be a physical agent that interacts with the cell as its dynamic and stochastic environment [19] where the heads of the nanomotor are its sensors and effectors. In this work we focus on the autonomy, reactivity, and pro-activity capabilities of muscle myosin nanomotor and propose a model of the information processes of the mechanism of the nanomotor.
IV. AGENT-BASED ARCHITECTURE OF MUSCLE MYOSIN NANOMOTOR
Recently reported computational works on muscle myosin nanomotor investigated some detailed aspects of the structure and behavior of the nanomotor [9, 10] . For instance, Shwetha et al. [9] applied structural and sequence analysis, interactional analysis, and thermodynamic characterization to model and simulate bio-molecular motors (e.g. myosin, kinesin, and dynein). Their results effectively supported that molecular motors could be applied as the source of driving force for designing of bio-molecular systems. Also, Yu et al. [10] combined a range of computational techniques including targeted molecular dynamics, normal mode analysis, and statistical coupling analysis in order to identify a set of important residues which were important in potential efficiency of the nanomotor. However, in this paper, we have used agent technology to design and develop a software agent model equivalent to intelligent and autonomous muscle myosin nanomotor within its environment which has not been considered yet. The new proposed software agent model introduces muscle myosin nanomotor as a natural information system that autonomously senses the environment to receive inputs, analyzes data to make decision, and generates actions as outputs. We have applied agent architecture which is a map of internal of an agent to illustrate the decision-making process of the agent [19] . Designing an agent-based architecture for muscle myosin nanomotor can facilitate the analysis of the information processes which are running during the mechanism of the nanomotor. As there are several complex behaviors in natural systems, the whole autonomous and intelligent behaviors of them are difficult to understand. Therefore, we have used the concept of the adjustable autonomy [19] in order to represent an agentbased architecture of individual muscle myosin nanomotor. In other words, we have used the concept of the mentioned overview of muscle myosin nanomotor in previous section and developed an agent-based architecture of the individual muscle myosin nanomotor based on its autonomy, reactivity, and pro-activity capabilities.
In order to design the agent-based architecture of muscle myosin nanomotor, we have used the subsumption (or reactive) agent architecture reported by Brook et al. [20] . This is due to that the behavior of muscle myosin nanomotor is in good agreement with the two key ideas of the subsumption agent architecture as follows: (1) muscle myosin nanomotor is situated in the real-world, and (2) the intelligence of the nanomotor emerges from its interaction with its cell. The subsumption architecture represents an agent's behaviors as a set of "situation action" rules which are arranged into layers as subsumption hierarchy. The arranged hierarchical rules indicate decision-making process, architecture, of an agent [20] . Therefore, the mentioned behavior of muscle myosin nanomotor in section 2 can be represented with the following subsumption hierarchical rules: if (muscle is at rest) (5.1) then the nanomotor stays at the rest state; if ((muscle is at rest) and (5.2) (ATP and Ca 2+ are available simultaneously)) then the nanomotor is detached from actin filament.
In behavior (5.1), the rest state of the nanomotor is to bind to actin filament in ADP form tightly. Behavior (5.2) is the start of emergent behavior of the nanomotor. In general, behaviors (5.1) and (5.2) ensure that the nanomotor is able to perceive the cell using its sensors and start the muscle contraction autonomously. Then, behavior (5.3) continues the emergent behavior of the nanomotor as follows: if (the head is weakly bonded to actin in ATP form) (5.3) then hydrolysis of ATP occurs; if (P i is released) (5.4) then repeat from behavior (5.1); if (true) (5.5) then repeat from behavior (5.1).
The final behavior ensures that muscle myosin nanomotor repeats the movement cycle. The subsumption hierarchy of the behavioral rules of muscle myosin nanomotor can be arranged as follows:
(5.1) < (5.2) < (5.3) < (5.4) < (5.5). Brook et al. [20] reported that subsumption architectures could be implemented as Finite State Machines (FSMs). Therefore, the proposed subsumption hierarchy of the behavioral rules of muscle myosin nanomotor can be mapped to its respective FSM. On the other hand, the proposed subsumption hierarchy of the behavioral rules of muscle myosin nanomotor can be mapped to a deterministic finite state machine or Deterministic Finite Automaton (DFA). This is due to that in the proposed five layers subsumption rules of muscle myosin nanomotor, each state of the nanomotor for each perceived input has unique alternative state. DFA is a quintuple M = (Q, Σ, δ, q 0 , F), where (1) Q is the finite set of states, (2) Σ is the input alphabet, (3) δ : Q × Σ → Q is the transition function, (4) q 0 ∈ Q is the initial state, (5) F ⊆ Q is the set of final states.
A FSM is a DFA if and only if | δ (q i , a) | = 1, for all states q i ∈ ∈ Q and letters a Σ [21] . As the proposed subsumption architecture rules of muscle myosin nanomotor are in agreement with this equation between FSM and DFA, the proposed subsumption hierarchy of the behavioral rules of the nanomotor can be illustrated with a DFA. Therefore, in order to map the proposed subsumption architecture of muscle myosin nanomotor into its mathematical definition of DFA, we have proposed the quintuple DFA of muscle myosin nanomotor, M Muscle-myosin = (Q, Σ, δ, q 0 , F), as follows: (1) Based on the introduced quintuple M Muscle-myosin = (Q, Σ, δ, q 0 , F) of muscle myosin nanomotor, we have developed the DFA model of the nanomotor (Fig. 3) . The developed agent-based architectural DFA model, M Muscle-myosin , indicates muscle myosin nanomotor has three internal states including q 0 , q 1 , and q 2 . At first, the nanomotor stays in the q 0 state of the M Muscle-myosin (muscle is at rest), whereas it can receive three possible stochastic inputs from its cell, including a, b, and c ∈ Σ of M Muscle-myosin . The M Muscle-myosin model accepts inputs of a, b ∈ Σ (the binding of ATP to the head of the nanomotor and the binding of Ca 2+ to actin filament respectively) for several times and separately. This is due to that with these inputs M Muscle-myosin stays in q 0 ∈ F without transition. Also, the M Muscle-myosin model indicates that muscle myosin nanomotor can perceive c ∈ Σ from the cell (the presence of ATP and Ca 2+ simultaneously) and the state of the nanomotor changes autonomously from q 0 to q 1 , then form q 1 to q 2 , and finally from q 2 to q 0 respectively. As with the input of c ∈ Σ the final state of the nanomotor is q 0 ∈ F, the input of c ∈ Σ is also acceptable by M Muscle-myosin model. In general, M Musclemyosin model demonstrates that the internal state of muscle myosin nanomotor stays in q 0 ∈ Q until receiving c ∈ Σ from the cell. With receiving c ∈ Σ the internal state of the nanomotor changes in the sequence: q 0 → q 1 → q 2 → q 0 which represents the accomplishment of one muscle contraction cycle. These results of the proposed architectural DFA model of muscle myosin nanomotor are in good agreement with its behavior in the real-world. Therefore, it can be concluded that the objective of our designed agentbased architecture of muscle myosin nanomotor is equivalent to the objective of the behavior of the nanomotor in nature. Also, the designed agent-based architectural M Muscle-myosin model introduces the nanomotor as an intelligent and autonomous information system which is able to perceive the three inputs from the cell, analyze the perceived data to perform some selected actions, and generates outputs, actions. Thus, the proposed agent-based architecture of muscle myosin nanomotor can be helpful for understanding the information processes which are running during the mechanism of the nanomotor.
V. AGENT IMPLEMENTATION OF MUSCLE MYOSIN NANOMOTOR
In this section, we have developed a computational implementation of the introduced agent-based architecture of muscle myosin nanomotor as an active object [19] of the C#.NET programming environment. In this program, muscle myosin nanomotor is implemented as an autonomous software agent model which is able: (1) to perceive the cell, (2) to make decision to select an action based on its internal state and perceived inputs, and (3) to perform the selected action in order to accomplish the muscle contraction. We have developed the software agent model of muscle myosin nanomotor with mapping the agent-based architecture of the nanomotor, M Muscle-myosin , to a class of C#.NET programming environment. For simplicity, the proposed software agent model was shown using the pseudo-code as follows: This function generates three stochastic events, including a, b, and c equivalent to a, b, and c ∈ Σ of M Muscle-myosin , that are possible to occur in the cell and affect the behavior of muscle myosin nanomotor. According to the definition of the class, the nanomotor receives these three possible stochastic inputs from its cell. Also, in this class, muscle myosin nanomotor has three internal states including q 0 , q 1 , and q 2 (equivalent to q 0 , q 1 , and q 2 ∈ Q of M Muscle-myosin ). Therefore, the implemented software agent model of muscle myosin nanomotor indicates that the nanomotor is able: (1) to perceive the three inputs from the cell, (2) to make decision to perform an action based on its current internal state and perceived input (analyze the perceived data), and (3) to generate actions as its outputs. According to the proposed cell function, it is assumed that the cell produces 30 stochastic events for muscle myosin nanomotor as the inputs of the nanomotor. This program was run and the output of the program (generated actions of the software agent model) indicated a good agreement with the natural behavior of the nanomotor in the real-world (Fig. 4) . Therefore, it can be concluded that the objective of our computational designed and implemented software agent model of muscle myosin nanomotor is in agreement with the objective of the nanomotor's behavior in nature.
VI. CONCLUSIONS AND FUTURE WORKS
In this paper, we have applied agent technology to develop a new software agent model of muscle myosin nanomotor to understand the information processes which are autonomously run by the nanomotor during its mechanism. At first, an overview of the structural and behavioral properties of muscle myosin nanomotor was presented based on the previously reported experimental works on the nanomotor. According to this overview of the nanomotor's concepts, muscle myosin nanomotor was introduced as a physical intelligent nanomotor within its environment. Then, we have used the subsumption architecture of agent technology and mapped the represented overview of the nanomotor to its agent-based architectural DFA model, M Muscle-myosin . The designed M Muscle-myosin model could introduce the nanomotor as an intelligent and autonomous information system which was able to perceive three inputs from the cell, analyze the perceived data to perform some actions, and generates outputs. Also, the objective of the designed agent-based architecture of muscle myosin nanomotor was equivalent to the objective of the behavior of the nanomotor in nature. Finally, the computational implementation of the proposed agent-based architecture of muscle myosin nanomotor was developed as an active object in C#.NET programming environment, assigned as its software agent model. The implemented software agent model of muscle myosin nanomotor clearly demonstrated the information processes which were autonomously running during the emergent behavior of the nanomotor. Accordingly, the output of the developed software agent model was in good agreement with results of the previously reported experimental works on the behavior of the nanomotor. This work employed agent-based autonomy, reactivity, and pro-activity capabilities of muscle myosin nanomotor and modeled the information processes of the mechanism of the nanomotor. A future study may consider the social capability of muscle myosin nanomotor during the muscle contraction process. In general, computational agent-based studies of bio-nanoelements can facilitate the basis of constructing potential bio-inspired information and robotic systems which may have many applications in engineering, medicine, and vast variety of sciences.
